Abstract Purpose: Six pheochromocytoma susceptibility genes causing distinct syndromes have been identified; approximately one of three of all pheochromocytoma patients carry a predisposing germline mutation. When four major genes (VHL, RET, SDHB, SDHD) are analyzed in a clinical laboratory, costs are ∼$3,400 per patient. The aim of the study is to systematically obtain a robust algorithm to identify who should be genetically tested, and to determine the order in which genes should be tested. Experimental Design: DNA from 989 apparently nonsyndromic patients were scanned for germline mutations in the genes VHL, RET, SDHB, SDHC, and SDHD. Clinical parameters were analyzed as potential predictors for finding mutations by multiple logistic regression, validated by bootstrapping. Cost reduction was calculated between prioritized gene testing compared with that for all genes. Results: Of 989 apparently nonsyndromic pheochromocytoma cases, 187 (19%) harbored germline mutations. Predictors for presence of mutation are age <45 years, multiple pheochromocytoma, extra-adrenal location, and previous head and neck paraganglioma. If we used the presence of any one predictor as indicative of proceeding with gene testing, then 342 (34.6%) patients would be excluded, and only 8 carriers (4.3%) would be missed. We were also able to statistically model the priority of genes to be tested given certain clinical features. E.g., for patients with prior head and neck paraganglioma, the priority would be SDHD>SDHB>RET>VHL. Using the clinical predictor algorithm to prioritize gene testing and order, a 44.7% cost reduction in diagnostic process can be achieved. Conclusions: Clinical parameters can predict for mutation carriers and help prioritize gene testing to reduce costs in nonsyndromic pheochromocytoma presentations. (Clin Cancer Res 2009;15(20):6378-85) 
Pheochromocytoma is a tumor of the paraganglial system. The nomenclature is not used consistently, and despite the limitation of the term to adrenal medullary tumors by the WHO (1), we, and others in this field, prefer to use it also for extra-adrenal retroperitoneal, pelvic and thoracic paraganglial tumors, because virtually all of them are vasoactive due to release of catecholamines in contrast to head and neck paragangliomas (HNP; refs. [2] [3] [4] . We and others have shown that approximately one third of pheochromocytoma patients carry a predisposing germline mutation in one of six susceptibility genes (2, (5) (6) (7) (8) (9) . The genes cause distinct clinical syndromes: von Hippel-Lindau disease (VHL; caused by germline mutations in the VHL tumor suppressor gene), multiple endocrine neoplasia type 2 (MEN 2; RET), paraganglioma syndromes type 1 (SDHD), type 3 (SDHC), and type 4 (SDHB) and type 1 neurofibromatosis (NF 1; due to mutations of the NF1 gene).
Hereditary HNPs are nearly exclusively associated with germline mutations of SDHB, SDHC, and SDHD (10, 11) . In contrast, pheochromocytomas are frequently associated with germline mutations of five of the six genes, where only SDHC is rarely involved (12, 13) . The molecular genetic classification of pheochromocytoma patients is an internationally accepted medical tool for molecular diagnosis, neoplasia risk assessment, genetic counseling, and clinical management.
When a single presentation, in this case, pheochromocytoma, can be attributed to any of several susceptibility genes, the cost of molecular genetic analysis becomes a factor in health care. For purposes of this study, we hypothesized that commonly obtained demographic and clinical features could guide us in prioritizing gene testing and hence, prove to be a cost reduction strategy in a diagnostic process. To address this hypothesis, we used our large European-American Pheochromocytoma Registry as our platform on which we systematically built a robust mathematical model to characterize clinical predictors that can be algorithmically used to prioritize whether genetic susceptibility should be considered, and if so, then which of the five genes is the most likely to be mutated.
Materials and Methods
Patients. We included index cases from the European-American Pheochromocytoma Registry who presented clinically with pheochromocytoma at the time of registration. In the situation where several subjects from one family were affected, only the index case of the family was used for purposes of this study.
Patients who developed pheochromocytoma after molecular-genetic testing was done were excluded. In addition, we excluded completely the many families in the Blackforest region in Germany, who mostly are unaware of being related to each other, but who carry an identical VHL mutation, almost certainly due to a founder effect (14) .
We collected demographic and clinical data including gender, age at manifestation, tumor location, number of tumors, biology (benign versus malignant), family history for paraganglial tumors, extraparaganglial tumors in the index case, and for other tumors including thyroid, kidney, and pancreatic cancers as well as benign eye and central nervous system hemangioblastomas, and skin neurofibromas, which are the component phenotypic features suggestive of VHL, MEN 2, and NF 1.
Based on clinical retrospective data and family history, we defined as syndromic cases all patients fulfilling the clinical criteria for the diagnosis of NF 1, VHL, and MEN 2 syndromes. All other cases were defined a priori as nonsyndromic. Malignancy was defined as presence of documented distant or local-regional lymph nodal metastasis (1, 3) .
Each registrant donated 10 mL EDTA-or ACD-anticoagulated blood, which was processed and banked for molecular genetic analyses.
Molecular genetic analysis. Genomic DNA was extracted from peripheral blood leukocytes using standard procedures. We performed mutation analysis of the exonic and flanking intronic regions, including splice sites, mutations for all exons of the VHL (NM_000551.2), SDHB (NM_003000.2), SDHC (NM_003001), and SDHD (NM_003002.2) genes, and for exons 10, 11, 13 , and 16 of the RET (NM_020975.4) gene as described (2, 15) . NF 1 was diagnosed clinically, because our systematic molecular genetic studies for mutations of the NF1 gene revealed mutations only in subjects who also have skin manifestations classic for NF 1 (5, 16) .
In addition to PCR-based mutation scanning, this study also includes analyses for large deletions or rearrangements involving VHL, SDHB, SDHC, and SDHD, because these have been described by several groups (17) (18) (19) (20) , but not of the RET gene, because large deletions of this gene have not been described for MEN 2. For detection of large deletions/rearrangements, we performed multiplex genomic qPCR, as described (18) . In parallel, we also used commercially available kits for multiplex ligation-dependent probe amplification for VHL, SDHB, SDHC, and SDHD (MRC-Holland). To confirm the deletions affecting either one PCR product (multiplex PCR) and/or one probe-ligation
Translational Relevance
Many cancers can be molecularly interrogated for purposes of diagnosis, predictive testing, and downstream management. Indeed, in the case of pheochromocytoma, genetic classification is essential for downstream management of the patient and preemptive management of family members. During the actual translational moment in which the new diagnostic tool, molecular genetics, is leaving highspecialized research centers to enter in the routine clinical practice, two major considerations are of interest: (a) the increasing demand for genetic counselors and practitioners of genomic medicine and (b) the costs for genetic analysis, which should be available to all patients and covered by the health care systems.
It is clear that the demand for genetics specialist far outstrips the supply, and although the costs for genetic analysis are driven down as technology improves, the increasing number of multiple gene disorders coming in the future will represent a huge impact on the health care system. product (multiplex ligation-dependent probe amplification), additional multiplex PCR tests were designed. As controls, we used peripheral blood-derived DNA of 1,300 healthy consenting blood donors. These control subjects live in the same geographic areas and are of the same ethnicity as our registered pheochromocytoma patients.
Statistics. Because we were seeking an unbiased statistical algorithm for prioritizing gene testing, we excluded from further analysis all syndromic cases, in particular all NF 1 cases and VHL and RET mutation carriers who also fulfilled either the clinical criteria for the diagnosis of VHL and MEN 2, respectively, and/or have positive family histories for either of these two syndromes. Furthermore, because SDHC mutations have been identified in only two cases, they have also been excluded from the analysis. Identifying predictors. As a first step, multiple logistic regression analysis was done to identify predictors of a germline mutation in any gene. Seven variables were analyzed: age, gender, tumor number, tumor biology (benign versus malignant), tumor location (adrenal, extra-adrenal, and concomitant adrenal with extra-adrenal), previous HNP, and family history for paraganglial tumors. Recursive partitioning analysis was used to determine the age cutoff that best predicted any germline mutation.
As a secondary assessment of important predictors of any mutation, 1,000 bootstrap samples of size 989 were selected with replacement from the original set of patients. Stepwise logistic regression analysis using a variable entry criterion of P value of ≤0.10 and a variable retention criterion of P value of ≤0.05 was done on these bootstrap samples.
Variables occurring with >50% frequency in these 1,000 analyses were considered to be important predictors.
Both the single sample analysis and the bootstrap validation identified four significant predictors of any mutation: age ≤45 y, multiple tumors, extra-adrenal location, and presence of HNP. Although malignant tumors and family history were not significant, they were included because of the importance of mutation screening in such patients for prognostic assessment (4, 21) .
Genetic screening algorithm. Six predictors were used to develop a screening algorithm to identify which patients should be genetically tested for mutations. If any of the six predictors is present, the patient should be tested for mutations, and if none are present, the patient should not be tested. Performance indicators for this strategy were examined in the sample of 989 patients. These indicators included the Cstatistics for the multiple logistic regression model, and the sensitivity, specificity, and positive and negative predictive value of the screening algorithm. The major performance indicators evaluated in creating our model were the number of missed cases and the cost reduction. As a second step, simple frequency counts of specific mutation types were examined among the subset of patients with at least one of the six predictors to establish the order in which the genes should be tested. The proposed screening algorithm is to test for genetic mutations in this order among the patients with at least one of the six predictors. The cost of this testing strategy was calculated in the sample of 989 patients, and was compared with the cost of testing all patients in the order in which the mutations occurred in these 989 patients (SDHB, VHL, RET, SDHD). For both approaches, costs were calculated per patient and rounded to the nearest whole dollar.
Bootstrap analysis. The performance of the six-factor logistic regression model, the predictive ability of the proposed screening algorithm, and costs were assessed in the 1,000 bootstrap samples. Results are summarized as the median, minimum, maximum, and 95% confidence interval. The confidence interval was calculated as the 2.5th percentile to the 97.5th percentile in the 1,000 samples. Analyses were done using SYSTAT v.10 software (SPSS, Inc.) or SAS software (SAS Institute, Inc.).
Costs. The U.S.-based costs of clinical mutation testing of each gene were obtained by averaging costs posted by GeneDx 25 and supplied by the Clinical Diagnostic Laboratories of the University of Pittsburgh and Children's Hospital of Philadelphia. The costs are similar in the European countries and Australia. In the United States, the average cost for testing mutations is $1,100 for SDHB, $860 for VHL, $700 for RET, $900 for SDHC, and $730 for SDHD. These costs include screening for point mutations as well as screening for large rearrangements (whole gene or exon deletions/duplications).
Institutional review boards for human subjects' protection protocol approval. The project was approved by the ethics committees/Institutional Review Boards for Human Subjects' Protection of the respective institutions. Participants provided written informed consent in accordance with the accepted standards for each respective country. Germline mutations. The mutation frequency in our registry, considering all patients (syndromic and nonsyndromic) was 30.1% (346 of 1,149). Of these 346 cases, 43 (12.4%) had clinical evidence of NF 1. VHL germline mutations were detected in 120 (34.7%), RET in 80 (23.1%), SDHB in 73 (21.1%), and SDHD in 28 (8.1%) cases. SDHC germline mutations were detected in two cases, one of them, an intragenic mutation, previously published (12) . Among mutation carriers, 18 were found to carry a large deletion or rearrangement: 12 involving SDHB, 4 VHL, and 1 each SDHD and SDHC. The SDHC deletion involved exons 5 to 6 of the gene in a 56-year-old male patient with a single extra-adrenal thoracic pheochromocytoma without family history for paraganglial tumors. The two SDHC carriers were excluded form further analysis.
Results

Registry
After exclusion of the syndromic cases, in particular all the NF 1 cases, as well as 49 RET and 65 VHL mutation carriers with either personal or family histories of MEN 2 or VHL, respectively, a total of 989 eligible patients were available for further study. The mutation frequency of the remaining cases was 18.9% (187 of 989) with the majority affecting SDHB (73 of 187), followed by VHL (55 of 187), RET (31 of 187), and SDHD (28 of 187). The clinical and demographic features of the eligible cases after exclusion of these patients are represented in Table 1 . From the 187 mutation carriers, 9.1% (17 of 187) had a positive family history for paraganglial tumors only.
Demographic and clinical predictors for presence of germline mutations. The optimal age cutoff identified by recursive partitioning analysis was 42 years. To obtain a practical cutoff for clinical use, age was rounded to 40 and 45 years and both were assessed; age 45 years was chosen because it resulted in better identification of mutation-positive cases than age 40 years (data not shown). Seven variables were significantly associated with any mutation in univariable analysis, but only four were significant in multivariable analysis: age of ≤45 years, multiple pheochromocytoma/paraganglioma, extra-adrenal location, and previous HNP. This finding was confirmed by bootstrap analysis ( Table 2) .
Algorithm for genetic testing and costs. Although malignant tumors and family history were not significant in the multivariable logistic regression analysis, they were included in the algorithm for genetic testing because of the importance of mutation screening in such patients for prognostic risk assessment (Table 3; refs. 4, 21) . By preselecting the cases with at least one of these six predictors, 342 (34.6%) would be excluded from genetic testing. By doing so, 8 (4.3%) of 187 mutation carriers would be missed (Table 4) .
Further, from data obtained by simple frequency tabulation, we established the order in which the genes should be tested (Fig. 1 ). This assessment indicated that patients with previous HNP were most likely to have SDHD, followed by SDHB, then RET, and least likely to have VHL mutations. Among patients with no prior HNP and a single extra-adrenal tumor, the order was SDHB as the most likely gene to be involved, followed by VHL, SDHD, and then RET. Among patients with no prior HNP and either multiple pheochromocytoma or a single tumor in a location other than extra-adrenal, the order was VHL as the most likely gene, followed by RET, SDHB, and SDHD as the least likely. As the major consequence, the screening algorithm as deduced is shown in Fig. 1 .
Cost analysis. If we chose to screen all pheochromocytomasusceptibility genes (excluding NF1 and SDHC) for all patients presenting with pheochromocytoma, the average cost is currently ∼$3,400 per patient tested. Screening all patients in the gene order proposed (approach 1; Table 3 ), we achieve an 8.0% cost reduction without missing any mutation carrier. If we preselect the cases to be tested and test them in the order proposed (approach 2; Table 3 ), we can achieve a 39.8% cost reduction relative to approach 1, and a 44.7% cost reduction relative to testing all patients, but we miss eight mutation carriers (0.8% of all patients). The robustness of our results has been confirmed by bootstrap assessment analysis as shown in Table 3 .
Discussion
Our study confirmed that ∼30% of index cases had evidence, clinical or genetic, of one of the six known pheochromocytomaassociated syndromes. This frequency is much lower (18.9%) if clinical or anamnestical evidence of a syndrome (NF 1, VHL, and MEN 2) are excluded.
At the current state of knowledge, consequences of genetic testing play an important role in medical management, such as timely diagnosis of asymptomatic tumor manifestations, accurate genetic counseling and predictive testing, institution of gene-specific clinical surveillance, and/or prophylactic surgery (4, 22) . According to the general recommendation for genetic screening in cancer-associated syndromes, all pheochromocytoma patients should be tested (23) . However, the availability of genetic counselors and laboratories experienced with this relatively uncommon tumor as well as the costs of genetic analysis of multiple genes suggest the importance of prioritizing these analyses.
The most straightforward manner to help identify heritable pheochromocytoma is to retrieve and analyze the personal medical and family histories of each patient. In our series, from a total of 346 mutation carriers, clinical evidence of a syndrome (NF 1, MEN 2, or VHL) was present in 45% of the cases, which was confirmed by genetic testing. In particular, as previously published, all the cases harboring NF1 germline mutations had clinical evidence of this syndrome, and therefore, routine testing of this gene in pheochromocytoma patients is not recommended (5, 16) .
But this type of syndromic recognition is insufficient. Excluding all these clinically obvious syndromic cases, we still have ∼19% (187 of 989) who are germline mutation carriers and only 9% of the 187 had a positive family history for paraganglial tumors. It is this subset of patients without the traditional syndromic "red flags" that is the focus of this study. Currently, this subset would be offered mutation testing of SDHB, SDHD, VHL, and RET. Our data confirmed that SDHC gene mutations are extremely rare in pheochromocytoma patients, and whether testing for SDHC in pheochromocytoma presentations in the absence of PGL should be done at all is currently not known (12, 13) . To date, several demographic and clinical features have been associated with the presence of a germline mutation, such as young age at diagnosis, multifocal disease, extra-adrenal location, and malignancy (2, 7, 8, 21, 24) . Thus, we took advantage of easily obtainable demographic and clinical features to come up with a robust algorithmic model to help predict who should be genetically tested and which gene to begin testing.
The major focus of our analysis was to obtain a model with the lowest number of missed genetic cases and highest cost reduction. Using the algorithm that would provide for identification of the highest proportion of individuals with mutations with the greatest cost reduction in the molecular diagnostic process, we would achieve a 44% cost reduction compared with testing all genes with the trade-off of missing eight individuals with mutations (0.8% of all 989 cases, 4.3% of 187 mutation carriers; Tables 2-4; Fig. 1 ). In contrast, if we used a model that picked up all cases with mutations, the overall cost reduction would only be 8%.
Currently, there are several proposed age cutoff points used to select cases for genetic screening (25) (26) (27) . But, thus far, they have been based on frequency observations in small samples that were not statistically derived or confirmed in multivariable analysis. We have determined age ≤45 years to be an excellent cutoff in this large series of patients, and confirmed this finding in multivariable analysis.
From the eight cases (8 of 989) in whom the mutations were missed (Table 4) , none developed further manifestations to date. Of interest is that in two of the three RET mutation carriers, clinical reinvestigation identified the presence of medullary thyroid carcinoma, which confirmed the presence of the MEN 2 syndrome. For one case, follow-up data are missing. These patients benefit immediately from genetic testing.
The costs can be further decreased, if testing for large VHL deletions is excluded. Our four cases with such VHL deletions had also clinical evidence of VHL and were excluded from this specific analysis.
For the SDHB and SDHD genes, however, large deletions or duplications were identified in 13% of the nonsyndromic pheochromocytoma patients with SDHB and SDHD mutations. Therefore, testing for large deletions of these genes should be done, after intraexonic mutations have been excluded.
When considering gene prioritization and cost reduction in this diagnostic process, special consideration is given to country-specific or ancestry-specific founder mutations. For example, 40% of all unselected male breast cancers and 10% of all female breast cancers diagnosed in Iceland are accounted for by a single mutation in BRCA2, 999del5 (28, 29) . Similarly, several mutations in the SDHB, SDHD, and VHL genes have been observed to occur in higher frequencies in some restricted geographic areas and most likely represent founder mutations (14, (30) (31) (32) (33) (34) . For patients coming from these areas, genetic testing for the region-specific founder mutation should be offered first in the absence of obvious syndromic features. If negative, then our algorithm should be followed.
Other genetic differences (e.g., variants) among distinct ethnicities and ancestries that might influence a patient's phenotype, and thus our algorithm, are currently not known, and therefore, our algorithm should be considered valid for all patients regardless of ethnicity. As data accumulate in this regard, our algorithm should be reevaluated and updated accordingly.
For purposes of genetic counselling, it should be noted that other mutation types or other as yet not identified pheochromocytoma-predisposing genes might exist (35, 36) . In fact, in our series, 25 of 42 index cases with family histories of paraganglial tumors, no germline mutation in the known genes has been identified. Nonetheless, our algorithm can be easily recalculated after new gene or genes are identified.
With exponential advances in genetic and genomic technologies, many heritable disorders are being found to have several to multiple susceptibility genes. Importantly, subsets of these disorders present in a manner seemingly similar to that of sporadic disease. In the ideal world, these individuals should be offered genetic testing for all known susceptibility genes for that particular disease. However, this becomes impractical as health care costs soar. We provide here an algorithm that will help identify who should be offered genetic testing for nonsyndromic pheochromocytoma presentations and subsequently help prioritize which gene to begin testing based on modeled demographic and clinical features.
